The in crease in utilizationof die sel fuel loads leads to fast de ple tion and force to go for al ter nate fuel. One of the al ter nate sourcesis from veg e ta bles and plants, since they can be produced from the plants grown in ru ral ar eas [1] . The in crease in us age of fos sil fuel con sump tion leads the re search ers to go for better al ter nate en ergy for en gine op er a tion. So the biodiesel gives reproducibility, non-tox ic ity, sul phur-free, and sim i lar phys i cal prop er ties to Die sel en gines [2] . The ma jor dis ad van tage of biodiesel is their higher vis cos ity which leads to poor at om iza tion, which in turn may lead to in jec tor pump fail ure, ring stick ing, and ab nor mal com bus tion [3] . Biodiesel from plants such as soyabean, pea nut, sun flower, jatropha, mahua, neem, rape, co conut, karan ja, cot ton, mus tard, lin seed, and cas tor have been tried in many parts of the world as alter nate fuel for com pres sion ig ni tion en gine [4] . Biodiesel can be pro duced from non-ed ible oils ob tained from plant spe cies, karan ja (pongamia pinnata), jatropha (jatropha curcas), mahua (madhucaindica), neem (azadirachtaindica), etc. [5, 6] . Use of biodiesel in con ven tional Die sel en gines re sults in sub stan tial re duc tion in emis sion of un burned HC, CO, and par tic u late [7] . The NO x emis sion from biodiesel is higher com pared to nor mal die sel fuel be cause of its higher ther mal ef fi ciency [8] . Neat veg e ta ble oil has high est po ten tial of re duc ing lifecycle green house Ramalingam, S., et al.: Effects of Antioxidant Additives on Exhaust Emissions
In tro duc tion
The in crease in utilizationof die sel fuel loads leads to fast de ple tion and force to go for al ter nate fuel. One of the al ter nate sourcesis from veg e ta bles and plants, since they can be produced from the plants grown in ru ral ar eas [1] . The in crease in us age of fos sil fuel con sump tion leads the re search ers to go for better al ter nate en ergy for en gine op er a tion. So the biodiesel gives reproducibility, non-tox ic ity, sul phur-free, and sim i lar phys i cal prop er ties to Die sel en gines [2] . The ma jor dis ad van tage of biodiesel is their higher vis cos ity which leads to poor at om iza tion, which in turn may lead to in jec tor pump fail ure, ring stick ing, and ab nor mal com bus tion [3] . Biodiesel from plants such as soyabean, pea nut, sun flower, jatropha, mahua, neem, rape, co conut, karan ja, cot ton, mus tard, lin seed, and cas tor have been tried in many parts of the world as alter nate fuel for com pres sion ig ni tion en gine [4] . Biodiesel can be pro duced from non-ed ible oils ob tained from plant spe cies, karan ja (pongamia pinnata), jatropha (jatropha curcas), mahua (madhucaindica), neem (azadirachtaindica), etc. [5, 6] . Use of biodiesel in con ven tional Die sel en gines re sults in sub stan tial re duc tion in emis sion of un burned HC, CO, and par tic u late [7] . The NO x emis sion from biodiesel is higher com pared to nor mal die sel fuel be cause of its higher ther mal ef fi ciency [8] . Neat veg e ta ble oil has high est po ten tial of re duc ing lifecycle green house gas emis sions as com pared to biodiesel and die sel [9] . In dia's self-suf fi ciency in pe tro leum oil as con sis tently de clined 60% in 1950 to 30% in 2010 and is ex pected to go down to 8% by 2020 [10, 11] . As In dia is de fi cient in ed ible oil and de mand for ed ible oil ex ceeds sup ply, the Govern ment de cided to use non-ed ible oil from jatropha oil seeds as biodiesel feedstock [12] [13] [14] .
Many re search ers' proved that biodiesel and their blends of die sel fuel re duces HC, CO, and smoke den sity [15, 16] and in creases NO x emis sion rel a tive the die sel fuel [17, 18] . The NO x is a ma jor cause of pho to chem i cal smog, ozone de ple tion and acid rain. The use of biodiesel leads to in crease in NO x emis sions and threaten to the en vi ron ment. The de vel op ment of im proved NO x re duc tion tech nol o gies is there fore of crit i cal im por tance to the global en viron ment [19] . While us ing biodiesel the re duc tion of NO and HC emis sions by us ing an ti ox idant is the sim plest, eas i est and cost ef fec tive as there is no en gine mod i fi ca tions and the percent age of an ti ox i dant with biodiesel is also very less [20] [21] [22] . An ti ox i dants are hope ful ad di tives for im prov ing ox i da tion sta bil ity and ef fec tive in con trol ling NO x emis sion while using biodiesel [23, 24] . Some of stud ies re ported that the use of an ti ox i dants in creases CO emission [25] . Thus, 20% biodiesel blends addedwith an ti ox i dant can be used in Die sel en gines with out any mod i fi ca tions [26] .
In the pres ent study, methyl es ter of annona oil is used as a test fuel and p-phenylenediamine used as an ti ox i dant ad di tive. The ef fects of an ti ox i dant ad di tive on NO x and HC emis sion along with methyl es ter of annona oil op er ated di rect in jec tion Die sel en gine are stud ied.
Ma te ri als and meth ods

Test fu els
Annona squamosa is a mem ber of the fam ily of cus tard ap ple trees called annonaceae and a spe cies of the ge nus annona known mostly for its ed ible fruits annona [27] . It is com monly found in In dia and cul ti vated in Thai land and orig i nates from the West In dies and South America. Annona squamosa pro duces fruits that are usu ally called sugar ap ple or cus tard ap ple in Eng lish, sitafal in Mara thi, sharifa in hindi, and sitaphalam in Tamil and Tel ugu in In dia and corossolier and cailleux, pom mi er cannelle in French [28, 29] . It is mainly grown in gar dens for its fruits and or na men tal value. It is con sid ered as ben e fi cial for car diac dis ease, di a be tes hyperthyroidism, and can cer. The root is con sid ered as a dras tic pur ga tive.
Transesterification
Transesterification is the pro cess of us ing an al co hol (e. g. meth a nol or eth a nol) in the pres ence of cat a lyst such as so dium hy drox ide (NaOH) or po tas sium hy drox ide (KOH), which chem i cally breaks the mol e cule of the raw oil into methyl or ethyl es ters with glyc erol as a by-prod uct, which re duces the high vis cos ity of oils. This method also re duces the mo lec u lar weight of the oil to 1/3 of its orig i nal value, re duces the vis cos ity and in crease the vol a til ity and cetane num ber to lev els com pa ra ble to die sel fuel.
Ex per i men tal set-up
Ex per i ments are car ried out in a sin gle-cyl in der, wa ter-cooled, nat u rally as pi rated direct in jec tion Die sel en gine cou pled with an eddy cur rent dy na mom e ter. An eddy cur rent dy namom e ter cou pled to the en gine is used as a load ing de vice. The fuel flow rate, speed, loads, exhausts gas tem per a ture, and gas flow rate are mea sured through data ac qui si tion sys tem. The AVL 444 DI-gas An a lyzer is used to mea sure the CO, HC, and NO x emis sions. The en gine and data ac qui si tion sys tem is shown in fig. 1 . P-phenylenediamine is ac cu rately weighted us ing a high pre ci sion elec tronic weigh ing balance and added to mea sured quan tity of annona biodiesel. To make 0.010%-m of an ti ox i dant mix ture, 100 mg of an ti ox i dant is added to 1 kg of biodiesel. A 3000 rpm speed mixer was used to pre pare a ho mo ge neous mix ture of an ti ox i dant ad di tive and fuel. The emis sion at dif fer ent an tiox i dant con cen tra tions such as 0.010%-m (MEAO + P100), 0.020%-m (MEAO + P200), 0.030%-m (MEAO + P300), and 0.040%-m (MEAO + P400), with a con stant en gine speed of 1800 rpm are an a lyzed. The an ti ox i dants ad di tion ef fects on NO, HC, and CO emis sion are also stud ied in the pres ent in ves ti ga tion.The prop er ties of methyl es ter of annona oil, with var i ous an ti oxi dant mix tures are com pared with Neat die sel fuel as shown in tab. 1.
Spec i fi ca tions of the ap pa ra tus
The ex per i ment was con ducted in the fol low ing in stru ment/equip ment and the de tails are given in tabs. 2 and 3.
Die sel en gine
Ex haust gas an a lyzer
An AVL gas an a lyzer is used to mea sure the ex haust gas com po si tion. The brief spec ifi ca tion of ex haust gas an a lyzer is given in tab. 3.
Test ing pro ce dure
En gine is started and warmed up at low idle, long enough to es tab lish the rec ommended oil pres sure, and was checked for any fuel and oil leaks. The en gine is run on no-load con di tion and speed is ad justed to 1800 rpm by ad just ing fuel in jec tion pump. En gine is run to gain uni form speed; af ter which it was grad u ally loaded. Ex per i ments are con ducted at dif fer ent load lev els. The en gine is run for ten min utes and data are col lected dur ing the last four min utes. 
Ta ble 1. Com par i son of im por tant prop er ties of test fu els
Prop erty
Die sel MEAO MEAO + P100 MEAO + P200 MEAO + P300 MEAO + P400 The emis sion tests are car ried out at dif fer ent an ti ox i dant mix ture con cen tra tions. The exhaust gas is sam pled from ex haust pipe line and passed through an ex haust gas an a lyzer for mea sure ment of CO, un burnt HC, NO x pres ent in the ex haust gases. The ex per i men tal un certain ties are shown in tab. 4.
Re sults and dis cus sion
Ox i da tion of sta bil ity of test fuel
Fig ure 2 shows the vari a tion of ox i da tion sta bil ity with an ti ox i dant con cen tra tions. The Rancimat method was used to de ter mine the oxi da tion sta bil ity for MEAO, 0.010%-m (MEAO + P100), 0.020%-m (MEAO + P200), 0.030%-m (MEAO + P300), and 0.040%-m (MEAO + P400) in agree ment with EN15751. Ac cord ing to the test re sults, the ox i da tion stabil ity for MEAO, MEAO + P100, MEAO + +.P200, MEAO + P300, and MEAO + P400 is 2 hours, 3.5, 4.5, 4, and 3.6 hours, re spec tively. Fig ure 3 shows that vari a tion of NO x emission with brake power (BP) for dif fer ent an ti oxi dant con cen tra tions. It can be seen from fig ure that NO x emis sion in creases with in crease of engine load. The NO x emis sion up to of 0.020%-m of an ti ox i dant mix ture af ter that it in creases. Fur ther it is also seen that NO x emis sion of 0.020%-m of an ti ox i dant mix ture is de creased by 40.16% when com pared to Neat die sel fuel, re spec tively. Thisis due to the re duc tion in the for ma tion of free rad i cals by an ti ox i dants. 
Ox ides of ni tro gen
Hy dro car bon emis sion (HC)
Fig ure 4 shows that vari a tion of HC emis sion with BP for dif fer ent an ti ox i dant con cen trations. It can be seenthat HC emis sions de crease with in crease of en gine load. The HC emis sion decreases with the per cent age of an ti ox i dant ad di tives along with the methyl es ter of annona oil, up to of 0.020%-m of an ti ox i dant mix ture af ter that it in creases. Fur ther itis also seen that HC emis sion of 0.020%-m of an ti ox i dant mix ture is de creased by 37.97% when com pared to that Neat die sel fuel at full load con di tion. This is due to fact that an ti ox i dant p-phenylenedamine is a re duc ing agent and reduce func tional groups pres ent in the methyl es ter of annona oil. The ox y gen con tent of biodiesel may have pro vided some better con di tions par tic u larly in the fuel rich re gion, which en hanced the ox i da tion of HC emis sions. This leads to re duc tion in HC emis sion.
Car bon mon ox ide emis sion
Fig ure 5 shows that vari a tion of CO emission with BP for dif fer ent an ti ox i dant con centra tions. The CO emis sion of 0.020%-m of an tiox i dant mix ture is in creased by 6.67% when com pared to that of Neat die sel fuel at full load con di tion. This is due to in com plete com bus tion from the ad di tion of an ti ox i dant ad di tives. The ox i da tion of CO is di rectly re lated to the OH rad i cals pres ent in the re ac tion.
Brake ther mal ef fi ciency
Fig ure 6 shows that vari a tion of BTE with BP for dif fer ent an ti ox i dant con cen tra tions. It is seen that BTE is lower for methyl es ter of annona oil at all loads when com pared to that of die sel fuel due to its poor mix ture for ma tion and high vis cos ity. The BTE de creases with the percent age of an ti ox i dant ad di tives along with the methyl es ter of annona oil at all loads due to incom plete com bus tion from the ad di tion of an tiox i dant ad di tives. shows that vari a tion of brake spe cific fuel con sump tion (BSFC) with BP for dif fer ent an ti ox i dant con cen tra tions. It is ob served that BSFC in creases with die sel at full con di tions. The ad di tion of an ti ox i dant mix ture slightly in creases the BSFC at all loads. This is due to in com plete com bus tion from the ad di tion of an ti ox i dant ad di tives. Fur ther it is also due to the lit tle more fuel sup plied to the en gine to com pen sate the power loss due to in com plete com bus tion.
Con clu sions
The ef fects of an ti ox i dant ad di tion on NO x , HC, and CO emis sion and per for mance param e ters such as BTE and BSFC with methyl es ter of annona oil have been stud ied at dif fer ent con cen tra tion of p-phenylenediamine. The fol low ing con clu sion are drawn from the pres ent inves ti ga tion. · The ox i da tion sta bil ity in creases with the ad di tion of an ti ox i dant. · It is ob served that p-phenylenediamine is an ef fec tive an ti ox i dant for con trol ling NO x emis sions. · The NO x emis sion is re duced by 40.16% and HC emis sion is re duced by 37.97% at full load for MEO + P200 when com pared to that Neat die sel fuel. · CO emis sion for all con cen tra tions in creases when com pared to that of neat die sel fuel. · The BTE and BSFC is al most same which is not af fected by the ad di tion of an ti ox i dant con cen tra tion be cause the ad di tion of an ti ox i dant is very small. · It is con cluded that NO x emis sion and HC emis sion can be re duced con sid er ably by us ing an ti ox i dant p-phenylenediamine along with the methyl es ter of annona oil. It is sim ple and cost ef fec tive method with out change in any en gine mod i fi ca tion.
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